Inclusion of fungi as commensals in oral biofilm is an important innovation in oral biology, and this work aimed to review the literature on the available biofilm and related disease in vitro models. Actually, thousands of bacterial and around one hundred of fungal phylotypes can colonize the oral cavity. Taxonomic profiling combined with functional expression analysis has revealed that Candida albicans, Streptococcus mutans and prominent periodontopathogens are not always present or numerically important in candidiasis, caries, or periodontitis lesions. However, C. albicans combined with Streptococcus spp. co-increase their virulence in invasive candidiasis, early childhood caries or peri-implantitis. As Candida species and many other fungi are also members of oral microcosms in healthy individuals, mixed fungal-bacterial biofilm models are increasingly valuable investigative tools, and new fungal-bacterial species combinations need to be investigated. Here we review the key points and current methods for culturing in vitro mixed fungal-bacterial models of oral biofilms. According to ecosystem under study (health, candidiasis, caries, periodontitis), protocol design will select microbial strains, biofilm support (polystyrene plate, cell culture, denture, tooth, implant), pretreatment support (human or artificial saliva) and culture conditions. Growing mixed fungal-bacterial biofilm models in vitro is a difficult challenge. But reproducible models are needed, because oral hygiene products, food and beverage, medication, licit and illicit drugs can influence oral ecosystems. So, even though most oral fungi and bacteria are not cultivable, in vitro microbiological models should still be instrumental in adapting oral care products, dietary products and care protocols to patients at higher risk of oral diseases. Microbial biofilm models combined with oral epithelial cell cultures could also aid in understanding the inflammatory reaction.
Introduction
Inclusion of fungi as commensals in oral biofilm is an important innovation in oral biology, and this work aimed to review the literature on the available biofilm and related disease in vitro models. Actually, metagenomics and proteomics screening have revealed that thousands of bacterial and around one hundred of fungal phylotypes can colonise the oral cavity. 1 Microbial communities colonising the mouth grow in a biofilm with a protective extracellular matrix. Specific biofilms colonise soft and hard oral surfaces, but all microbiome members are not biofilm formers. In addition to bacteria and fungi, they also contain archaea, parasites, and viruses infecting oral epithelia or vectored via saliva and respiratory secretions. [2] [3] [4] [5] [6] [7] In oral health, biofilms modulate the host immune system, which in turn tolerates them. 8 Commensal bacteria and fungi and their polymeric and hydrated matrix constitute a first-line defense against pathogenic microorganisms. Any breakdown favors local infections (gingivitis and periodontitis, dental caries and endodontic infections, oral candidiasis, mucositis, peri-implantitis) as well as aspiration pneumonia and blood-borne infections (infectious endocarditis, deep abscesses). [9] [10] [11] [12] Oral infections are often complicated by oral pain and tooth loss, increasing the risk of anorexia and malnutrition. 13 Evidence points to an association between oral infections, the resulting inflammation, and systemic diseases such as diabetes mellitus, rheumatoid arthritis, neurodegenerative diseases (Alzheimer's disease), atherosclerosis, cardiovascular disease, and stroke. 12, 14, 15 Recent research has underlined the role of inter-kingdom microbial synergies or antagonisms in biofilms in health and oral diseases. 16 For instance, oral Actinomyces and Lactobacillus spp. can inhibit Candida albicans biofilm formation. 16, 17 Conversely, C. albicans combined with Streptococcus spp. can co-increase their virulence in invasive candidiasis, early childhood caries or peri-implantitis. [18] [19] [20] [21] [22] In vivo, the dental plaque typically presents a high microbial density, with approximately 10 11 cells/g (wet weight).
Approximately 700 oral bacterial species could be isolated and grown in vitro, and any given individual generally harbors 100 or more cultivable bacterial strains in its mouth. 23 However, screening of various oral ecosystems has revealed that more than 19,000 noncultivable bacterial phylotypes could also colonise the human oral cavity. [24] [25] [26] [27] Similarly, more than 100 fungal species have been identified in the oral microbiome, most of them noncultivable. 1, 3, 28 Animal models have been developed using mice, rats, and worms to mimic the human oral microcosm, but human oral ecosystems are different from animal ecosystems. 17, 19, [29] [30] [31] In order to get closer to in vivo conditions, some biofilm models are grown with human epithelial cell cultures. 18, 32 In the model described by Ramage et al., the biofilm actually grows at a 0.5 mm distance from an epithelial monolayer. 33 It is very likely that many noncultivable species play a role in health and disease. 1, 10, 23, 34 Among cultivable species, taxonomic profiling combined with functional expression analysis has recently revealed that C. albicans, Streptococcus mutans, and prominent periodontopathogens were not always present or numerically important in candidiasis, caries or periodontitis lesions. 3, 5, 10, 19, 28 Thus, metagenomics and proteomics screening are driving new trends in oral disease prevention, diagnosis and treatment efficacy control based on individual follow-up. 8, 26, [35] [36] [37] Future therapies will aim to replace cariogenic and periodontopathogenic microbiomes with the initial healthy microbiome of each subject. 6, 8, 26, 35 However, there is a need for reproducible in vitro models of mixed fungal and bacterial biofilms whenever it is necessary to compare different growth conditions or inhibitory substances at different concentrations. [38] [39] [40] [41] [42] [43] [44] Multispecies culture with both fungal and bacterial strains is difficult because, in contrast to oral fungus Candida, most oral bacteria are slow-growing, nutritionally fastidious, and oxygen-sensitive. Oxygen is very important for Candida growth as well. Anaerobically, it grows yet very slowly, and it is out-competed by many bacterial species. [45] [46] [47] In mixed biofilm models, strains can have two origins: some biofilms are grown with a defined consortium of bacteria and fungi, while others, called microcosms, are grown from saliva samples from donors. Co-cultures in defined consortiums are reproducible and easier to study because all the strains are known. 48, 49 In contrast, saliva sampling is closer to real-world conditions in terms of number and respective proportions of microbial species. One important advantage of using saliva is that the species and strains in the inoculum are better adapted to each other. Strain differences are probably important in dictating compatibility between species and kingdoms. However, saliva sampling suffers a lack of reproducibility due to the different saliva donors used. 30, [50] [51] [52] Moreover, only a limited number of bacterial and fungal species can be grown in vitro, and biofilms composition always differs from the initial inoculum. 53, 54 Choice of microbial strains or inoculum is pivotal. Co-culture conditions are critical too, as aerobic fungi are grown with strict anaerobic bacteria, hyphal formation is often required, and overgrowth of any one species is to be avoided. Here we review the key points and current methods for designing and culturing oral multispecies biofilms in vitro.
Search criteria
References in English were identified through PubMed and Science Direct searches for articles published since Jan 1, 2005. At first, the search terms used were "bacteria OR bacterial OR Streptococcus OR anaerobic bacteria" AND "fungi OR Candida" AND "biofilms OR models OR in vitro techniques." Then second, search terms used were "dental caries OR periodontitis OR gingivitis OR abscess OR peri-implantitis OR denture stomatitis OR candidiasis OR mouth diseases OR oral health" AND "biofilms OR models OR in vitro techniques." Finally, we retained only the studies with an in vitro model of bacterial and fungal cultures, in connection with the oral health or the diseases of the mouth.
Stages of oral biofilm development
In vivo and in vitro, biofilm development follows five stages: (1) adhesion to hard or soft tissues (adhesins and extracellular polysaccharides); (2) growth (microbial coadhesion and co-aggregation, matrix formation); (3) maturation characterised by metabolic and genetic microbial exchanges, growth control by quorum-sensing molecules (auto-inducers) and antimicrobial peptides (bacteriocins); (4) tissue invasion/destruction (toxic metabolites and enzymes); and 5) surface detachment (enzymes). 21, 35, [55] [56] [57] 
Early biofilms
Early microbial colonisers specifically adhere to cellular and to salivary receptors, such as mucins, proline-rich protein, statherin, salivary agglutinin (gp-340) and α-amylase. 58, 59 Organic salivary compounds are adsorbed to epithelial surfaces or hard surfaces (enamel, dentin, calculus, and restorative or prosthetic materials), and then provide static receptors for early colonizers. [60] [61] [62] The salivary film coating dental enamel is called acquired salivary pellicle. 62 The initial adhesion stage of oral bacteria lasts only a few seconds and is reversible. There are both nonspecific surface forces and recognition between microbial adhesins and their receptors. Hydrodynamic forces create either repulsive or attractive nonspecific connections via low-energy interactions (electrostatic, steric, hydrophobic, Van de Waals). Next step, the irreversible adhesion process is slower. Its duration depends on the microbial strains, its population density and the duration of its exponential growth phase. 63, 64 The taxonomic bacterial profile of early dental plaque, based on genomic data, has been recently detailed. 23 A critical step is the choice of biofilm support (polystyrene plate, cell culture, acrylic resin for denture, tooth hydroxyapatite crystals, complete bovine or human teeth, titanium implant. . . ) and pretreatment support (human or artificial saliva), adapted to early colonizers. Biofilm growth and maturation can take hours or days depending on the microbial species and environmental conditions involved, and, importantly, the frequency of nutrient replenishment. Bacteria and fungi multiply, colonise the support, and form aggregates (or microcolonies) that become confluent. The production of extracellular polymers varies according to microbial communities, local environment, and the biofilm maturity. 65, 66 
Mature biofilms
Mature biofilms are aggregates of microorganisms growing within an extracellular matrix. In vivo, Candida and streptococci form corn-cob-like structures. 24 The matrix contains microbial metabolites, dead microbial and host cells (desquamated epithelial cells), other host components (mainly fibronectin, laminin, collagen and salivary constituents), food nutrients (sugars), and possibly also drugs. The matrix is well hydrated and crossed by channels conveying oxygen, nutrients and metabolites. 31, 67 Maturation of mixed biofilms depends on oxygen availability and metabolic interactions. End-chain products may be nutrients of different fungal and bacterial species, which may be either partners or competitors. 68 Streptococcus oralis combined with C. albicans synergistically increases both biofilm formation and virulence factor expression.
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In early-childhood caries, the presence of C. albicans and sucrose (but not glucose) synergistically increases S. mutans virulence, resulting in rapid onset of extensive caries lesions. C. albicans can tolerate acids in dental caries lesions. 19, 20, 69 However, in a recent report, Willems and coworkers showed that while growth of S. muttons is increased by presence of Candida, and lactate production is also increased, the environmental pH increases to above the critical pH and Ca 2+ release from hydroxyapatite disks is inhibited by the presence of Candida. 70 Microorganisms are able to perceive various environmental parameters, either abiotic, such as physical-chemical signals (pH, osmolality, temperature), or biotic, such as signaling proteins. 19, 26, 35, [71] [72] [73] When signalling molecules reach a sufficient concentration, they can communicate and coordinate the formation of biofilm or the synthesis of virulence factors. [71] [72] [73] In vivo, quorum sensing coordinates the evolution from colonization stage to acute infection stage.
In vitro, farnesol promotes the formation of Staphylococcus aureus biofilm at low levels (0.5-5 nM) and inhibits S. aureus growth at higher concentration (180 μM). 57 In addition, some microbial species can produce antimicrobial peptides, although their direct microbe-killing effect is prevented in physiological conditions where they probably act as immunomodulators. 73 In vitro, some studies aim to inhibit biofilm formation or to assay pre-formed biofilms, leading to models of early 21, 31, 64 and mature biofilms, 74 with corresponding culture duration, sugar pulses in caries models, 75 sequential addition of strains, and progressive anaerobic conditions in peri-implantitis models. 49 
Late stages
The invasion and destruction of soft tissues is mediated by microbial diffusible enzymes, such as lipases, proteases, nucleases and ureases. Enzymatic dissolution of mucosal barriers can also take place by activation of host enzymes triggered by C. albicans, for example, calpain. 76 The destruction and invasion of hard dental tissues that results in tooth cavities starts with localised acid decalcification of the hydroxyapatite crystals constituting enamel and dentin, followed by an enzymatic lysis of organic structures.
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In vivo, the healthy adult's biofilm is bathed by a saliva flow of approximately 0.35 ml/min, which provides nutrients, moistens the mucus membranes, eliminates part of the bacteria and buffers the pH resulting in remineralization of the tooth surface. 32, 50 The biofilm's thickness is mechanically controlled by salivary flow, tongue and jaw movements, and by chewing solid food. The turnover of epithelial cells and the immune system (in saliva and epithelia) protect soft mucosal surfaces. In contrast, there is no cell turnover on the hard surfaces of teeth, calculus, dentures, and dental biomaterials. 18, 25 The late stage of biofilm development is the detachment of microbial cells or aggregates, which then colonise saliva and other supports. Detachment depends on support, microbial community, nutrient availability, hydrodynamics and physical-chemical conditions of the environment. Microbial aggregate detachment is facilitated by the lysis of extracellular polymers, such as by the production of dextranases by S. mutans and glucanases by C. albicans. 65, 77 In vitro, sophisticated flux systems enable continuous renewal of the culture medium.
18,30,51,78
Choice of microbial strains
Consortium models
Current consortium models contain cultivable species representative of ecosystems colonising oral mucosa, teeth, dentures, and peri-implantitis pockets. They can combine fungal and bacterial reference strains, wild-type strains or mutant strains. The number of species ranges from two 31,69,79,80 to 11 strains. 74 To our knowledge, neither archaea, viruses nor parasites have been used in multispecies bacterial biofilm models. Examples of consortium models combining fungal and bacterial strains are listed in Tables 1  and 2 .
Choice of bacterial strains
The choice of bacterial strains commonly selected for caries and periodontitis models warrants update. Peterson et al.
(2014) used microarrays and high-throughput sequencing to investigate biofilm physiology and microbial interactions in dental caries 27 and demonstrated that taxonomic profile was not predictive of dental caries. In particular, S. mutans was not always prominent or present in caries ecosystems. Conversely, functional analysis based on RNA expression was more informative. Different bacterial species were shown to display similarities in gene expression patterns, and functional redundancy was common. Extensive listings of cultivable and noncultivable oral bacteria have recently been published. New prominent species have been identified in samples of healthy saliva, 51, 81, 82 dental plaque, 23, 27, 81, 82 healthy gingiva, 27 and periodontitis. 27, 81, 83 The salivary flora is more similar to the tongue flora than to dental plaque. 27 It is impossible to achieve the dynamics of the oral cavity using predefined combinations of laboratory or wild-type strains, but the choice of strains must also take into account co-occurrence and co-exclusion patterns in oral communities. 10 For a single species, biofilm formation can be also strain-dependant. 84 Even in simplified in vitro models, the source of inoculum may influence the model used. For instance, different results are anticipated when wild-type strains obtained from healthy young adults, healthy elderly people or specifically diseased individuals will be used instead of laboratory strains.
Choice of fungal strains
Knowledge on oral fungi is more limited, but several prominent genera have been identified in oral saliva (Table 3) . To date, C. albicans is the most common species used in oral consortium studies as it is the most amenable to isolation, identification, and culture. 6 Bertolini et al. (2015) 21 The presence of Streptococcus intermedius seemed to have no effect. 87 In contrast, both S. mutans 20, 86 and S. gorodki 88 The presence of sucrose greatly increased this synergistic effect of C. albicans and oral streptococci on biofilm formation. 69 Similarly, Ramírez Granillo et al. (2015) developed a mixed Aspergillus fumigatus and S. aureus biofilm. Independently of bacterial concentration, they observed a low abundance of A. fumigatus biofilm production and abnormal fungal structures (hyphae and conidia). 90 
Microcosm models
In microcosm models, the inoculum is constituted of saliva or dental plaque collected from donors. 30 54 The resulting in vitro microcosms are much more diverse than consortia, but microcosms are difficult to characterise. Ex vivo and in vitro, culture-independent methodologies are expensive as they involve metagenomics data combined with sophisticated software analysis. Note too that many bacterial species, mostly fastidious anaerobic bacteria, are lost when the taxonomic profile of the microcosm is compared to the initial sample collected in vivo. 54 There are few examples of oral microcosm models (Table 1 Diaz et al. (2012) used the culture medium of the biofilm (defined mucin medium) supplemented with saliva. 18 The main limitation of using saliva is that its composition varies both intra-and inter-individually. To achieve an acceptably reproducible biofilm model, the saliva collection conditions must be standardised (no antibiotics during the previous weeks, hour of sampling, stimulatedor non-stimulated saliva, pooling various donors' samples). The saliva is then filtered, aliquoted, and frozen, ready to perform all the experiments with the same saliva pool. 62 The use of artificial saliva allows other authors to reproduce the model.
Culture medium
The culture medium used to grow the final multispecies mix is a key factor that influences the growth, stability, thickness, and composition of the biofilm.
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Consortium models: pre-culture of separate fungal and bacterial strains C. albicans can be pre-grown aerobically at 25
or 37
• C, with or without shaking. In different models, the starter culture broth is either a semi-defined medium with 18 mM glucose, 86 Sabouraud Dextrose broth, 94 yeast nitrogen base broth (YND) with 100 mM glucose, 31 or yeast peptone dextrose medium (YPD). 80 The final culture medium can contain the mix of every bacterial and fungal pre-culture broth, saliva, or fluid universal medium. 96 In parallel, single bacterial species are grown separately in the most appropriate culture broth. There is no consensual medium. Pre-culture broth can be brain-heart infusion (BHI), 18, 69, 94 BHI broth supplemented with 5% sucrose, 31 ultrafiltered tryptone-yeast extract broth (UFTYE;
2.5% tryptone and 1.5% yeast extract, pH 7.0) with 1% glucose, 20 Todd-Hewitt broth with 0.02% yeast extract media (THB + 0.02% YE), 80 universal medium broth (thioglycolate medium supplemented with 67 mMl/l of Sorensen's solution (UM), 94 or modified fluid universal medium (mFUM) 97 with 0.3% glucose. 75 Bacterial strains are pre-grown for 4 h to 18 h at 37
• C, in aerobic, microaerophilic (5% CO 2 ) or anaerobic (5% CO 2 , 95% N at 200 bar) conditions. Pre-cultures are grown to the exponential growth phase, and an aliquot is diluted in the final culture mix. The optimal inoculum concentration for bacteria and Candida strains generally ranges from 10 6 to 10 7 colony-forming units (cfu)/ml. The proportion of each species culture in the final mix must be carefully determined according to strains, support and culture conditions, to prevent any one species from overgrowing.
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Microcosm models
In microcosm models, the culture medium must be directly adapted to fungal and bacterial strains. In a model of peri-implantitis, Sousa et al. (2016) developed a medium adapted to epithelial cell, fungal and bacterial growth. This unique medium mimicking the peri-implant sulcular fluid contained a tissue culture medium supplemented with horse serum, menadione, and haemin.
30
Culture duration Protocols of current models are summarised in Table 1 and  2 . Every protocol has its own unique design, with rinses and steps to promote Candida adhesion to the support, Candida filamentation, or biofilm formation, for instance. 79 Culture duration ranges from 4 hours 18 to 16 weeks. 98 In studies designed to evaluate the efficacy of methods or compounds to eliminate bacteria in biofilm, the incubation time generally ranges from 2 to 4 days. 94, 99 Culture apparatus
Batch cultures
Batch culture models are grown in polystyrene plates, such as 96-well microtiter plates and 24-well tissue culture plates 100 or more rarely in bottles (Fig. 1A) . They are inexpensive and allow to test in parallel a large number of conditions. 21, 50 The biofilm is grown in the bottom of wells or onto solid samples placed into the wells (hydroxyapatite, resin or titanium disks, for instance). Extracted teeth specimens can be processed in Eppendorf tubes. 101 In batch cultures, the culture is stopped at given times and submitted to rinses, new medium and/or sugar pulses or addition of antiseptics. Plates are well suited to the screening of several molecules at various concentrations or contact times. Mixed models contain facultative and/or obligate anaerobic bacteria as well as Candida sp. Some are grown in a microaerophilic atmosphere 20, 31, 32, 80 or an anaerobic atmosphere. 62, 74 In vitro, agitation is important. 102 Shaker speed usually ranges from 75 to 180 rpm.
21,31,57
Flux systems Flux systems have been designed to continuously renew the culture medium, such as in a flow cell 18, 78 (Fig. 1B) , an artificial mouth system, 51 and a constant depth film fermentor. 30 The model described by Diaz et al. was grown under aerobic conditions. 18 Sousa et al. (2016) managed to create a peri-implantitis model in rabbits. 30 The inoculum was a saliva microcosm, grown onto titanium discs. It was pumped by a peristaltic pump at the rate of 1 ml/min for 8 h. To simulate a subgingival environment, an anaerobic environment was progressively created as follows: day 0, aerobic atmosphere; days 1 to 9, microaerophilic environment (2% O 2 , 3% CO 2 , 95% N); days 10 to 30, anaerobic environment (5% CO 2 , 95% N at 200 bar). After a 30-day incubation period, the discs were surgically positioned onto rabbit tibial bone.
Qualitative and quantitative methods to assess in vitro biofilm models
The benefits and limitations of each method are presented in Table 4 . A flow chart is also available (Fig. 2) to choose the suitable method.
Routine laboratory methods
Routine laboratory methods are a first step in observing consortium and microcosm models. C. albicans yeasthyphal transition and fungal-bacterial interactions are observable directly in biofilms formed on glass coverslips and in the wells of polystyrene plates, with bright-field and phase-contrast microscopes. 79 Light microscopy with x400 magnification is adapted to hyphae/yeast count. 31 In dental plaque and caries models, pH evolution 20, 31, 51, 69, 78 or metabolite releases 51 are monitored in the culture medium bathing the biofilms. In-biofilm cell viability is commonly determined by scraping the microbial deposits formed onto solid supports followed by serial dilutions on appropriate agar plates for cfu count, 30,31,50,62,64,69,74,86,94,101 but Falsetta et al. (2014) highlighted the limitations of cfu count data for C. albicans, as most hyphae are multicellular with a large biomass compared to yeasts yet like yeasts they form a single cfu. 20 Alternatively, in-well biomass formation can be quantified with colorimetric methods needing a plate spectrophotometer. 80 The XTT assay is based on the reduction of the tetrazolium salt of XTT in formazan by the succinate dehydrogenase system of the mitochondrial respiratory chain in fungal cells but not bacterial cells. 21, 64 The crystal violet assay dies in violet the total biomass, including fungal cells, bacterial cells and exopolysaccharides, 31, 80 but it quantifies both live and dead cells in the biofilm. 74 Finally, routine histology are suitably adapted to analysing biofilms grown onto epithelial cell cultures.
18,32,103 Scanning electron microscopy (SEM) is suitably adapted to observing fungal-bacterial organisation in a biofilm. It is also useful to observe the surface of the biofilm support before and after microbial colonisation, such as enamel acid attack in caries models. 21, 31, 62, 64, 69, 74, 78, 80, 86, 101 Figure 3B is an example of a C. albicans biofilm observed with SEM. Confocal laser scanning microscopy (CLSM) is suitably adapted to 2D and 3D analysis of the biofilm, combined with fluorescent staining of specific microbial cells and matrix components. 18, 20, 32, 64, 69, 74, [78] [79] [80] 103 Figure 3C is an example of CSLM method, applied to a single species C. albicans biofilm. After image reconstruction on appropriate software, it is possible to measure average thickness of the biofilm and to characterise its microbial species and their respective percentages in the biomass. 49 Some fluorophore combinations are also adapted to identify and quantify live and dead cells in the biofilm.
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Genetic assays
Quantitative reverse transcription polymerase chain reaction (RT-qPCR) is suitably adapted to characterising the taxonomic and functional profile of microcosm models based on selected genes, 20, 21, 49, 51, 62, 74, 78 including cell viability 74 and hyphal morphology 18 ; however, RT-qPCR requires expensive equipment. 54 Fluorescence in situ hybridization (FISH) is based on oligonucleotide probes labeled with fluorescent dyes. FISH can be used to determine the bacterial and fungal composition of a biofilm, 105 to visualize spatial distribution in combination with confocal laser scanning microscopy (CLSM), 106 or the colonization of gingival epithelia by subgingival biofilm.
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A microarray is a miniaturized solid support displaying a very large set of oligonucleotide probes, allowing the screening of >30.000 genes during a two-day protocol. For instance, microarrays allow the detection of variations in a gene sequence expression, the comparison of a bacterial genome expression at different times of growth or different culture conditions, or the comparison of two bacterial consortia grown in similar culture conditions. 107 In a fungal biofilm model, Cao et al. 108 used microarrays to show the influence of farnesol on C. albicans biofilm: some hyphal-formation-associated genes (including TUP1) were differentially expressed in farnesol-treated biofilms. 
Conclusion
There is increasing interest in in vitro models of mixed fungal-bacterial biofilms designed to mimic various oral ecosystems. Protocol designs, culture broths and culture conditions are highly diverse, but the supports used to develop biofilms are relatively consensual, as is the choice of C. albicans and bacterial species in consortium models. S. mutans and oral streptococci are near-standard bacterial species in caries, periodontitis, and candidiasis models, but new bacterial and fungal combinations could be explored. Species selection could take into account genomic and proteomic results obtained in vivo, as recent studies have revealed new taxonomy profiles, unexpected quantitative compositions, and functional expressions in oral microcosms. This review also revealed a broad difference between culture apparatuses and assessment methods, ranging from microtiter plates to custom-made flux systems, and from cfu counts to CLSM and RT-qPCR. These sophisticated and expensive technologies may ultimately lead to therapies designed to clean up oral microcosms or improve oral health at molecular level. However, microtiter plate models still warrant attention, as they are well adapted to the development of new therapeutic agents. Many populations of patients still need basic oral hygiene education, first-line oral care, healthy diet, and medical help to reduce polymedication and combat addictions to alcohol, tobacco, and illicit drugs. In vivo, these conditions influence oral ecosystems, particularly in children and teenagers, in chronically ill, poly-medicated or malnourished patients, and in frail elderly people. In vitro assays with appropriate models could help improve oral care products, drug formulations, or the composition of foods, beverages, and oral nutritional supplements.
